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• Full shading indicates penetration. 
Q Partial shading indicates damage. 
O No shading indicates no damage. 
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p = bird impact angle, degrees 

V = velocity, mph 

Y = velocity, knots 
K 

To convert between knots and miles per hour, the following 
relationship may be used: 

Y^ = 0.8684V 
K 

or 

V = 1.152Y^ . 

IV 

L = panel length, inches 
W = panel width, inches 
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INTRODUCTION 



GENERAL 

The original program scope as defined and reported in AFML-TR -74-234 was 
designed to obtain meaningful materials response data on the bird strike capabili- 
ties of a variety of transparency materials and composite constructions over a 
broad range of speed, temperature, and impact angles. Because of the wide scope 
of the test parameters, ii was not practical to test all configurations at all test 
parameters and still maintain reasonable budget and time limitations. Also, as 
the testing progressed, additional test specimen configurations and added test 
parameters not originally considered became desirable. As a result, it was nec- 
essary to have a rather large spread between certain parameter changes. In 
some cases, only two end points were tested to establish a curve slope. For 
others, only a single point was tested, and the slope of the "curve" through that 
point was estimated by extrapolation or interpolation of other test results. In 
addition to having a limited number of data points, each point was in turn limited 
to a very small data base consisting usually of only one or two test specimens. 
Despite the problems and limitations of this technique, the overall program 
approach was felt to offer the best practical means to obtain the wide range of 
test data which was desired. The test results were reported in AFML-TR -74- 
234, 

The work which is reported herein represents a continuation and expansion of the 
original program as described. This final report has been prepared to record 
the results of the expanded scope test program approved by the Air Force Mate- 
rials Laboratory, "Design Criteria on the Response of Transparent Aircraft 
Windshield Materials to Bird Impact," Contract Number F33615-72-C-1896, The 




data reported herein supplements that previously reported in Technical Report 
AFML-TR-74-234, dated December 1974. Where appropriate, the same test fix- 
tures used during the original investigation were also used during this program, 

OBJECTIVES 

The overall objectives of this program were to expand the scope of the study and 
test program as previously reported in AFML-TR-74-234 to examine additional 
pertinent factors, not previously examined, which affect the penetration resist- 
ance of aircraft enclosure transparent materials. This program was divided into 
seven specific tasks as follows: 

Task 1 - Anomaly Resolution - During the original investigation, certain 
of the test data appeared to deviate from the results expected. When 
the results from some of the tests were plotted to graphically illustrate 
the effect of variations in a given test parameter, smooth curves did 
not always result. While some of the variations could be attributed to 
changes in the failure modes or normal test scatter, not all of them 
could be positively explained. Since, in most cases, each data point was 
based on a very small number of test specimens, this task was estab- 
lished to resolve several test results which appeared questionable after 
final analysis and integration of the original program test resists. 

Task 2 - Corner and Edge Impacts - All prior testing during the original 
program was accomplished using center impacts on the test panels. This 
series of tests was established to provide basic data to permit compari- 
son of the response of polycarbonate materials for corner and edge 
impacts with the response for the center impacts. 

Task 3 - Fastener Diameter and Spacing Effects - All panels for the 
prior test program were attached to the support frame using 0, 50 -in, - 
diameter bolts at 2,0-in, spacing. In the initial program, the hole size 
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SECTION n 

EXPERIMENTAL PROGRAM DESCRIPTION 

1. INTRODUCTION 

This section describes the test specimens, test procedures, and the program 
plan as delineated in the Statement of Work. Also noted herein are the panel 
numbers assigned to the test specimens. 

2. TEST PANEL CONFIGURATIONS 

The standard test panel utilized during this program was a flat 30 in. 40 in. to 
conform to those used during the original program. One alternate size was 
tested to determine effects of panel size. These panels were 45 in, x 60 in. , two 
of which were flat and three of which were formed to a 40 -in. radius with the cen- 
terline parallel to the 60-in. dimension. Another deviation from the previous 
standard panel was those tests which used a single-piece cone wedge section type 
windshield configuration. 

On all panels except the cone wedge section configuration, loose fiberglass- 
reinforced edge laminates 2.00 in. wide by 0.060 in, thick with predrilled holes 
were used around the periphery of the panels on both faces to avoid direct contact 
between the test fixture and' the test panel (see Figure 1), For the cone wtdge sec- 
tion configu’ .'lion, special steel angle brackets formed to fit the approximate con- 
tour of the windshield were used to attach the windshield to a base frame which was 
in turn supported on a flat platform to provide the proper height. This simplified 
fixture was Intended to provide approximately the same restraint at the edge of the 
transparency as would be experienced in an actual installation (see Figure 2). Two 
tests of this configuration were performed without a support member under the aft 
arch of the windshield. The remaining tests used a rigid steel bulkhead at the aft 
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Task 7 - liirge Panel - The basic panel size during the prior series of 
tests was 30 in, x 40 in. Advanced bomber aircraft designs use configu- 
rations somewhat larger than this size. The objective of this task is to 
test 45-in. x 60 -in. panels in the fiat and 40 -in, curved radius configura- 
tion to provide relative performance comparisons with prior test results. 

3. SUMMARY 

This report includes a complete description of the panel configurations fabricated 
and tested since completion of the original program as reported in AFML-TR- 
74-234. Extensive data plots are presented to show the penetration velocities for 
the various panel materials and configurations. Where appropriate, test results 
from the original tests as reported in AFML-TR -74-234 are included or refer- 
enced herein. Where additional testing was accomplished during this series to 
check mestionable data points in the earlier program, the results are presented 
and discussed. In those cases where these added tests indicate changes are 
required in the data plots as originally presented in AFML-TR -74-234, the 
revised plots are included, together with the original plots. 

A total of 89 panels were tested with 232 individual bird impacts at a velocity 
range between 217 and 643 knots. Combined with the original test program as 
reported in AFML-TR -74-234, a grand total of 380 panels were tested with 932 
individual bird impacts at velocities from 70 to 643 knots. 
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This section describes the test specimens, test procedures, and the program 
plan as delineated in the Statement of Work. Also noted herein are the panel 
numbers assigned to the test specimens. 



2. TEST PANEL CONFIGURATIONS 

The standard test panel utilized during this program was a flat 30 in. 40 in. to 
conform to those used during the original program. One alternate size was 
tested to determine effects of panel size. These panels were 45 in, x 60 in. , two 
of which were flat and three of which were form^ed to a 40 -in. radius with the cen- 
terline parallel to the 60-in. dimension. Another deviation from the previous 
standard panel was those tests which used a single-piece cone wedge section type 
windshield configuration. 

On all panels except the cone wedge section configuration, loose fiberglass- 
reinforced edge laminates 2,00 in, wide by 0,060 in, thick with predrilled holes 
were used around the periphery of the panels on both faces to avoid direct contact 
between the test fixture and' the test panel (see Figure 1). For the cone wtdge sec- 
tion configu' don, special steel angle brackets formed to fit the approximate con- 
tour of the windshield were used to attach the windshield to a base frame which was 
in turn supported on a flat platform to provide the proper height. This simplified 
fixture was intended to provide approximately the same restraint at the edge of the 
transparency as would be experienced in an actual installation (see Figure 2). Two 
tests of this configuration were performed without a support member under the aft 
arch of the windshield. The remaining tests used a rigid steel bulkhead at the aft 
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Figure 1. Test Panel Attachment to Support Frame 

end of the windshield with a steel angle formed to mate against the inside surface 
of the transparency. As with the other test fixtures, a thin, two-inch-wide fiber- 
glass strip was used between the steel frame and the transparency to prevent 
direct contact against the steel fixtures. All panels, except those which required 
varying fastener diameters and hole spacing, and the 45 -in, x 60 -in, panels, were 
attached to the support frame using 0.562-in. -diameter holes at 2.0-in, spacing 
and 0, 50-in, -diameter bolts. The 45-in, x 60-in, panels required opening the 
holes to 0.625-in, -diameter because of the tolerance buildup in the large test fix- 
tures and panels necessitating the larger hole for bolt insertion. The spacing also 
varied on the cone wedge section configuration windshields (see Figure 3). 
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Figure 2. Single-Piece Cone Wedge Section Type Windshield Test Installation 




The material used to fabricate all panels, except the cone wedge section type wind- 
shield in the stretched acrylic configuration, was commercial grade 9030-112 
polycarbonate or equivalent, since optical quality was not important. The 
stretched acrylic configuration used material conforming to MIL-P-25690, except 
optical requirements were waived. 

Monolithic polycarbonate was evaluated in the following thicknesses and process- 
ing states: 

0,25-in. as extruded 
0.25-ia. press polished 
0.50 -in, as extruded 

0.50-in, fusion bonded (two 0.25-in. plies) 

1.00-in. fusion bonded (two 0.50-in. plies). 

For the laminated specimens, 0.25-in, as-extruded polycarbonate was used for 
all face plies. The teterlayers included ethylene terpolymer, GAC Code F4X 
(silicone) and GAC Code F5X (urethane), 

3. TEST PROCEDURE 

All panels were impacted with a 4-lb ±l-oz bird. The test panels were bolted into 
a rigid steel frame which was, in turn, supported by steel support structures 
desigfned to hold the frame at tho desired bird impact angle. The support frame 
contacted the outer two-inch-wide periphery of the test panel for both the flat and 
curved panels. The basic frame section used was a 4-inch deep, 14,0-lb/ft stand- 
ard channel section. 

To simplify cleanup between tests, the panels were Installed in an inverted posi- 
tion so that the bird debris was deflected downward. The exception to this was 
those tests on the cone wedge section configured windshields, which were mounted 
in their normal positions. 
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The bird impact angle, as used herein, refers to the acute angle between the line 
of the bird path and the windshield face at the impact point. The symbol p is used 
to identify this angle. 

The panel temperature was recorded by thermocouples and a continuous chart 
recorder. Two thermocouples were inserted in small holes drilled about two 
inches deep into the centers of opposite panel edges. The area around the wires 
was filled with a sealant. For high and low temperature tests, an insulated shroud 
was hinged over the entire panel and support frame assembly, and the entire cav- 
ity was electrically heated or cooled using liquid CO and an environmental condi- 
tioning unit. Both sides of the panel were exposed to the same temperature. The 
panel temperature was stabilized at the desired level for at least one hour before 
testing to assure reasonable uniformity over the entire panel. The panel soak 
temperature was adjusted to compensate for the temperature change that would 
take place in the brief interval between hinging the environmental cover away and 
firing the gun. Because of extremely high ambient temperatures during the latter 
part of the program, water was used to cool the panels down to as close to 
75 deg F as possible for those tests which required room temperat'ore (ambient) 
conditions. 

Two polycarbonate panels (0.50 x 7.62 x 30.00 inches anu 1.00 x 6.62 x 30.00 
inches) were fabricated and tested to check the validity of the test panel tempera- 
ture technique previously utilized, and also establish the soak time required to 
stabilize a test panel at a desired test temperature. Thermocouples were 
installed in the test specimens as shown in Figure 4. 

Holes were drilled 1.25 in. deep at locations 1 and 2 at dimensions w/2 and t/2. 
Location 3 was drilled w/2 deep at dimensions i/2 and t/2. Thermocouples 4 and 
5 were taped to the upper and lower surfaces of the specimens. An oven and a 
deep freeze were used to soak the specimens to the desired temperatures. The 
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Figure 4, Temperature Uniformity Test Specimen Thermocouple Location 

data recorded in Table 1 shows that after either thermocouple 1 or 2 (simulation 
of the thermocouples in the actual bird test panels) reaches the desired tempera- 
ture, the minimum one-hour soak time is ample to stabilize the temperature of 
the entire panel within a few degrees of the desired temperature. 

High-speed camera coverage was provided for selected tests using one or two 
cameras, A Polaroid picture was taken of each test panel after its final test to 
record the damage. All appropriate test parameters for each test panel were 
recorded on a test data sheet, A complete description of typical test setups and 
the test facility can be found in AFML-TR-74-234, Appendix A, 
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TABLE 1 



SPECIMEN PANEL TEMPERATURE UNIFORMITY TEST 
AT HIGH AND LOW TEMPERATURES 



Elapsed 

time 

(minutes) 


Target 
temper- 
ature 
(deg F) 


Event 


1 ■■ ■ ' — ■ ■ - 

i 

Thermocouple number 


Control 

thermocouples 




1 


2 


3 


4 


5 


0.50-in. X 7.62-in, x 30-in, 
polycarbonate (deg F) 


0 


180 


Start 


Ambient 










35 


180 




172 


177 


166 


166 


170 


65 


180 


Start soak 


175 


180 


171 


173 


174 


95 


180 


Stabilized 


180 


180 


180 


180 


181 


0 


10 


Start 


100 










30 


10 




20 


30 


46 


44 


44 


45 


10 




12 


21 


30 


30 


31 


60 


10 


Start soak 


10 


16 


23 


22 


22 


85 


10 


j 


6 


10 


13 


12 


12 


105 


10 




5 


10 


10 


10 


10 


120 


10 


Stabilized 


6 


9 


9 


9 


9 








1.00-in. X 6, 


62-in. X 30-iu. 










polycarbonate (deg F) 




0 


175 


Start 


Ambient 










35 


175 




150 


150 


132 


140 


142 


65 


175 




161 


164 


145 


150 


151 


95 


175 


Start soak 


175 


175 


154 


155 


155 


145 


175 


Stabilized 


176 


176 


175 


175 


175 


0 


15 


Start 


125 










35 


15 


i 


• 50 


50 


78 


70 


68 


65 


15 




30 


30 


50 


47 


46 


90 


15 




18 


18 


30 


30 


27 


105 


15 


start soak 


14 


14 


22 


22 


22 


120 


15 


Stabilized 


12 


12 


16 

J 


16 


16 
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4. PANEL TEST PARAMETERS 

a. Tf sk 1 - Anomaly Resolution 

All the panels in this task were monolithic flat 30-in. x 40-in. panels either 
0.50 in. or 1.0 in. thick. The selections of the test panel configurations and 
test parameters were made on the basis of a review of the test results as 
presented in AFML-TR -74-234. Those results which appeared inconsistent, 
or were based on a very small number of test specimens, or had some 
unusual event associated with the panel failure mode such as excessive delam- 
ination or failure through edge attachment holes, were candidates for this 
series. Most of these questionable areas were noted and discussed in detail 
in AFML-TR -74-234. Table 2 summarizes the scheduled test parameters 
for this task. 

b. Task 2 - Corner and Edge Impact 

This task was included to obtain additional insight on the response of poly- 
carbonate materials for varying impact locations. Three separate impact 
locations were selected for evaluation. They were the center edge, forward 
corner, and aft corner, and are defined in Figure 5. The panel descriptions 
and test parameters are shown in Table 3. 

c. Task 3 - Fastener Diameter and Spacing Effects 

This task was included to permit an initial evaluation of the influence of the 
panel edge attachments on the impact resistance of polycarbonate. Two 
attachment configurations were utilized - 0. 25-in. -diameter bolts at 1.0-in. 
spacing and 0.312-in. -diameter bolts at 1,.5-in. spacing. These sizes 
approximate fastener configurations commonly used for transparency instal- 
lations. The panel descriptions and test parameters are shown in Table 4. 
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TABLE 2 



TEST PARAMETERS FOR ANOMALY RESOLUTION TASK 



Panel 

no. 


Thick- 

ness 

(in.) 


Panel description 


Impact 

angle 

(deg) 


Test 

tempera- 
ture 
(deg F) 


4.1.1 


0.50 


Fusion-bonded polycarbonate 


45 


20 


4.1.2 


0.50 


Fusion-bonded polycarbonate 


45 


20 


4.1.3 


0.50 


Fusion-bonded polycarbonate 


45 


160 to 200 


4.1.4 


0.50 


Fusion-bonded polycarbonate 


45 


160 to 200 


4.1.5 


0.50 

1 


Fusion-bonded polycarbonate 


20 


RT* 


4.1.6 


0.50 


Fusion-bonded polycarbonate 


20 


RT 


4.1.7 


1.00 


Fusion-bonded polycarbonate 


45 


180 


4.1.8 


1.00 


Fusion-bonded polycarbonate 


45 


180 


4.1.9 


0.50 


As-extruded polycarbonate 


45 


20 


4.1.10 


0.50 


As -extruded polycarbonate 


45 


20 


4.1.11 


0.50 


As -extruded polycarbonate 


45 


160 


4.1.12 


0.50 


As -extruded polycarbonate 


60 


RT 


4.1.13 


0.50 


As -extruded polycarbonate 


20 


RT 


4.1.14 


0.50 


As -extruded polycarbonate 


20 


RT 


4.1.15 


0.50 


As-extruded polycarbonate 


30 


20 


(Contingency) 4.1.16 


0.50 


As -extruded polycarbonate 


45 


RT 


(Added) 4.1.17 


0.50 


As-extruded polycarbonate 


45 


RT 



( 

I 

! = room temperature. 

I 14 



i 






I 



I 



i 











Figure 5. Edge and Corner Impact Locations 

d. Task 4 - Supplier Processing Effects 

This task was scheduled to determine if variations in fusion-bonding and 
press -polishing techniques from supplier to supplier have any influence on 
the penetration velocity of polycarbonate material. Three separate suppliers 
were selected to furnish the material for the test specimens. These included 
Westlake Plastics Company, Lenni, Pennsylvania; Sierracin Corporation, 
Sylmar, California; and Texstar Plastics, Grand Prairie, Texas. Final 
sawing and drilling of the panels was accomplished by Goodyear using the 
same process and tooling used for other panels of the same configuration. 

The results of these tests were compared with each other and with the 
panels previously prepared and tested under this program. Table 5 shows 
the panel descriptions and test parameters for this task. 
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TABLE 3 



TEST PARAMETERS FOR CORNER AND EDGE IMPACT TASK 



Panel 

no. 


Thickness 

(in.) 


Panel description 


Impact 

location 


Impact 

angle 

(deg) 


4.2.1 


0.50 


Monolithic as -extruded 


Center edge 


45 


4.2,2 


0.50 


Monolithic as -extruded 


Center edge 


45 


4. 2.3 


0.50 


Monolithic as -extruded 


Forward corner 


45 


4.2.4 


0.50 


Monolithic as -extruded 


Forward corner 


45 


4.2.5 


0.50 


Monolithic as -extruded 


Aft corner 


45 


4.2.6 


0.50 


Monolithic as -extruded 


Aft corner 


45 


4.2.7 


0.50 


Monolithic as -extruded 


Center edge 


30 


4.2.8 


0.50 


Monolithic as -extruded 


Center edge 


30 


4. 2.9 


0.50 


Monolithic as -extruded 


Aft corner 


30 


4.2. 10 


0.50 


Monolithic as -extruded 


Aft corner 


30 


4.2.11 


1.00 


Monolithic fusion -bonded 


Center edge 


45 


4.2.12 


1.00 


Monolithic fusion-bonded 


Center edge 


45 


4.2.13 


1.00 


Monolithic fusion-bonded 


Aft corner 


45 


4. 2.14 


1.00 


Monolithic fusion-bonded 


Aft corner 


45 


4. 2. 15 


0.50 


laminated as-extruded* 


Center edge 


45 


4.2.16 


0.50 


Laminated as -extruded* 


Center edge 


45 



*0. 25-in, as-extruded polycarbonate/o. lO-in, CIP urethane interlayer/ 
0.25-in. as-extruded polycarbonate. 
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TABLE 4 












e. Task 5 - Single-Piece Cone-T 3 T)e Windshields 

Many current generation fighter aircraft utilize the single-piece, curved 
windshield In the general shape of a wedge of a right circular cone. Since 
this configuration varies considerably from the flat or curved cylindrical 



element configurations which have been the standard shapes evaluated thus 
far, it is necessary to establish at least a preliminary comparison of Its 
response characteristics. For this program, the windshield shape of the 
F-5 aircraft was utilized, since the forming mold was currently available 
at Goodyear Aerospace and the cost of a special mold could be saved. 
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Two windshield materials were tested - a monolithic stretched acrylic config- 
uration using 0. 80-in, -thick material, and a polycarbonate configuration using 
0.50-in. -thick monolithic polycarbonate. Two specimens of each configura- 
tion were impacted along the windshield centerline. The third specimen of 
each configuration was impacted at a point seven inches to the side of the win- 
dow centerline. Table 6 lists the specimen descriptions and test parameters. 



TABLE 6 

TEST PARAMETERS FOR SINGLE-PIECE CONE-TYPE 
WINDSmELDS TASK 



Panel no. 


Thickness 

(in.) 


Panel description 


Impact 

location 


4.5.1 


0.80 


Stretched Plex 55 


Center 


4.5.2 


0.80 


Stretched Plex 55 


Center 


4.5.3 


0.80 


Stretched Plex 55 


7 in, off center 


4,5.4 


0.50 


As -extruded polycarbonate 


Center 


4.5.5 


0.50 


As-extruded polycarbonate 


Center 


4.5.6 


0.50 


As -extruded polycarbonate 


7 in. off center 



f. Task 6 - Interlayer Type/Thickness Effects 



A number of interlayer types and thicknesses have been included in the prior 
testing as reported in AFML-TR -74-234, Interlayers have Included poly- 
vinyl butyral (PVB), urethane, silicone, ana ethylene terpolymer (ETP), 
Interlayer thicknesses have ranged from 0,025 in. to 0.25 in. However, in 
most cases the thickness was adapted to the interlayer type and the process- 
ing method. Also, many of these tests were made with a number of varying 
panel or test parameters so that the effects of the interlayer type and thick- 
ness are masked. In this task, three -ply laminates were fabricated with 
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varying interlayer types and varjdng incerlayer thicknesses for each type. All 
tests were conducted at a 45-degree bird impact angle so that the effects of 
the interlayer thickness or composition on penetration velocity could be 
readily determined. Specific test parameters are shown in Table 7. 



TABLE 7 

TEST PARAMETERS FOR INTERLAYER TYPE/TKICKNESS 

EFFECTS TASK 



Panel no. 


Interlayer type 


Interlayer thickness (in.) 


4.6.1 


ETP 


0.06 


4.6.2 


ETP 


0.06 


4,6.3 


ETP 


0.10 


4.6.4 


ETP 


0.10 


4.6.5 


F5X (urethane) 


0.06 


4, 6, 6 


F5X (urethane) 


0.06 


4.6.7 


F5X (urethane) 


0.15 


4.6,8 


F5X (urethane) 


0.15 


4.6.9 


F5X (urethane) 


0.25 


4.6.10 


F5X (urethane) 


0.25 


4.6.11 


F4X (silicone) 


0.06 


4.6.12 


F4X (silicone) 


0.06 


4.6.13 


F4X (silicone) 


0.10 


4. 6. 14 


F4X (silicone) 


0.10 


4.6.15 


F4X (silicone) 


0.15 


4.6.16 


F4X (silicone) 




0.15 
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g. Task 7 - Large Panel Effects 



The purpose of this task was to provide test data on larger panel sizes. Both 
flat and curved panels 45 in, x 60 in, were tested. The radius of curvature 
of the curved panels was 40 in. All panels were 1.0 -in. monolithic poly- 
carbonate, The test panel parameters are shown in Table 8. 



TABLE 8 

TEST PARAMETERS FOR LARGE VANEL EFFECTS TASK 



Panel no. 


Thickness 

(in.) 


Panel description* 


Impact angle (deg) 


4.7.1 


1.0 


Fusion-bonded - flat 


30 


4.7.2 


1.0 


Fusion-bonded - flat 


30 


4.7.3 


1.0 


Fusion-bonded - 40 -in. radius 


30 


4.7.4 


1.0 


Fusion-bonded - 40 -in, radius 


30 


4.7,5 


1.0 


Fusion-bonded - 40 -in, radius 
Supplier A 


30 



*A11 panels were monolithic polycarbonate. 
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SECTION m 



TEST RESULTS 

1 . DATA ANA LYSIS PROC EDUR E 

The data analysis procedure is identical to that utilized previously during the 
original test program. Individual test data sheets were used during the test 
phase to record all test parameters and test results for each test panel. These 
data sheets, plus test films where applicable, were reviewed and the information 
was transferred to the test summary tables included herein. These summary 
tables include the test results and damage information from the detail data sheets. 
They also contain an added column labeled "Estimated penetration threshold. " 
This column lists the estimated minimum velocity at which penetration would 
occur for that particular specimen based upon a review of the test results. 

These penetration threshold velocities were necessarily subjective values in 
many cases, estimated by the test conductors. In some cases, the pc letration 
threshold could be quite easily determined. For example, if a "no damage" test 
and a "penetration" test velocity were available for a particular panel and thoy 
were relatively close to each other, the average of the two velocities could pro- 
vide a reasonable estimate of the threshold velocity. However, the type of fail- 
ure at the penetration velocity needs to be considered. If the penetration was 
catastrophic and a large portion of the test panel was destroyed, the threshold 
velocity would probably be closer to the highest "no damage" velocity. If the 
penetration was a marginal penetration, then the threshold velocity would prob- 
ably be adjusted toward the higher value. If the panel had some prior damage 
before it was penetrated, then the influence of this damage would have to be eval- 
uated in estimating the penetration threshold. All these factors were considered 
as carefully as possible before selecting the penetration threshold. Because of 
the inherent inaccuracies of the data analysis methods, plus the fact that each 
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data point had a very limited data base (usually one or two test panels), some 
reasonable tolerance should be applied to this estimated value. 

All the tests are summarized in Tables 9 to 20. Tests of similar materials or 
similar panel configurations or tests at similar test parameters have been tabu- 
lated in the same table to aid in analyzing and comparing the results. 

2. TEST DATA PLOTS 

a. Discussion 

After the test summary tables were completed, they were used to prepare 
data plots showing impact velocity vmrsus test panel temperature or impact 
angle. In most cases, these plots were made on the applicable curves from 
the original test program. These curves are identified by their figure num- 
ber from AFML-TR -74-234, Similarly, data points taken from AFML-TR- 
74-234 are identified by a number in parentheses which indicates the refer- 
ence figure number. 

Not all individual test points are plotted on these curves. When a number of 
tests were made on an individual panel at varying speeds and no damage 
occurred, only the point at the highest velocity is included to avoid umieces- 
sary confusion. 

b. Task 1 - Anomaly Resolution 

About half of the panels in this test series were made with fusion-bonded 
monolithic polycarbonate, and the remainder used the material in its as- 
extruded condition. The tests of the optically treated (fusion-bonded) panels 
are summarized in Table 9, The first four panels listed in this table were 
tested to resolve prior questionable results for the 0.50 -in. material at the 
45-deg bird impact angle. Two tests were made at the low -temperature end 
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TEST SUMMARY - ANOMALY RESOLUTION TESTS - AS-EXTRUDED POLYCARBONATE 
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SUMMARY - AS-EXTRUDED AND FUSION -BONDED POLYCARBONATE 
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'Estimated penetration threshold adjuated to /onsate (or bird package breakup prior to Impact, 



of the curve, and two at the high-temperature end. The latest test results 
are shown in Figure 6 along with the curve based on the earlier tests in 
AFML-TR -74-234. A minor revision in the penetration velocity curve is 
indicated near the low-temperature end as shown in Figure 6, The test 
results at elevated temperatures were consistent with prior results, and the 
penetration velocity curve has been extended to reflect these results. 

The earlier tests of the 0. 50-in. flat monolithic fusion-bonded polycarbonate 
panels at the 20 -deg bird impact angle showed penetration velocities which 
appeared to be low and inconsistent with the results from tests at other 
angles. This inconsistency for the 0. 50-in. material is easily noted in Fig- 
ures 43 and 51 of AFML-TR -74-234. However, these earlier tests were 
made at panel temperatures from 100 to 110 deg F, so it was necessary to 
extrapolate the data back to the room temperature point. To be sure of this 
extrapolation, two more panels (numbers 4.1.5 aixl 4.1.6 of Table 9) were 
tested near room temperature. The results were essentially the same as 
previously reported, so the data as presented in AFML-TR -74-234 for this 
set of parameters are correct and no revisions are necessary. However, a 
revised temperature effects curve (Figure 7) is presented here to add the 
results from these latest tests. 

Tv/o tests of 1. 0-in. monolithic polycarbonate flat panels at elevated temper- 
atures were scheduled to provide a check of the data as presented in Fig- 
ure 30 of AFML-TR -74-234. These prior results indicated an abrupt flatten- 
ing in the penetration velocity versus panel temperature c-orve for panel tem- 
peratures above 140 deg F. This trend was questionable, since typically 
other tests of polycarbonate material have shown a continual decrease in 
penetration velocity as the material temperature increases. The panels 
* were environmentally conditioned for several hours prior to testing and the 
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Figure 7. Effect of Panel Temperature on Penetration Velocity for 0. 50-In, Fusion -Bonded 
Polycarbonate at 20-Deg Bird Impact Angle 
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temperature stabilized for at least an hour to assure as uniform a tempera- 
ture as possible throughout the test panel. The test results as listed in 
Table 9 showed the expected decrease in penetration velocity with increases 
in temperature. The higher penetration velocities from the prior test series 
may have been due to shorter temperature soak cycles resulting in cooler 
temperatures near the panel center than were indicated by the edge thermo- 
couples. The revised data plot for the effects of temperature on 1,0-in. 
monolithic polycarbonate flat panels is shown in Figure 8. 

The prior test results for the 0.50-in. monolithic as-extruded polycarbonate 
at the 45-deg bird impact angle as reported in AFML-TR-74-234 were based 
on limited testing and therefore subject to question. Specifically, the pene- 
tration velocity at the room temperature point seemed low when compared 
against tests of optically treated panels at equivalent test conditions. From 
the Test Summary Table B-15 of AFML-TR -74-234, two specimens (panels 
BD-128 and BD-129) were tested at this data point. One panel had a punch- 
through-type failure at the impact point instead of a ductile-type failure. 

The second panel cracked at a low velocity at the top edge of the panel with 
evidence that the crack started at an attachment hole, 

A third panel (BD-135 in Table B-15) of this configuration was also tested at 
an elevated temperature. It showed a penetration velocity substantially 
higher than that achieved by the room temperature panels, but it was also 
noted that a number of the attachment bolts in the lower edge of the panel 
were pulled out by the impact. This may have caused a higher apparent pen- 
etration velocity than if the lower edge of the panel had been firmly 
restrained. 

To clarify these test results, a new series of 0.50-in. flat monolithic as- 
extruded panels were fabricated and tested at the 45-deg bird impact angle 
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at various panel temperatures (see Table 10), Again, one room temperature | 

panel (No, 4, 1. 16) failed at about the same velocity as in the prior test | 

series. However, failure occurred through some of the attachment holes I 

along one side (see Figure 9), so this test was also suspect. A second panel I 

tested (4, 1, 17) withstood multiple impacts up to over 375 knots. It is felt I 

that this panel more nearly represents the true penetration velocity for the 1 

0.50-in, as-extruded polycarbonate at room temperature based on compari- | 

son with the results obtained for similar optically treated panels tested at | 

the same test parameters. | 

The tests made at the high temperature (4, 1, 11) gave essentially the same | 

penetration velocity obtained during the earlier test series. The two panels > 

tested at lower temperature (4, 1. 9 and 4, 1. 10) gave results which also | 

appear consistent with the earlier tests, | 

Figure 10 presents a plot of the data points and shows the revised curve to 
indicate the penetration velocity for the 0,50 -in, as -extruded polycarbonate 
as a function of panel temperature. The original curve as presented in | 

AFML-TR -74-234 is also shown for reference. The effect of the substantial I 

increase in the penetration velocity at the room temperature point is readily < 

apparent from a comparison of the two curves. The risk involved in attempt- 
ing to establish a true curve based on a limited number of test specimens is 
also illustrated by this figure. 

Because the previously established room temperature penetration velocity 
was used in several ether data plots presented in AFML-TR -74-234, the 
revision in this point should also be reflected ?ji those curves. The affected 
curves are Figures 52, 56, 59, 62, 64, and 69 of AFML-TR-74-234, Fig- 
ures 11 through 16 herein present the revised data plots which reflect the 
revision for the 0,50-in. as-extruded material. 
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PANEL TEMPERATURE (DEG F) 



Figure 10. Effect of Panel Temperature on Penetration Velocity for 0.50-In. As-Extruded 
Polycarbonate at 45 -Deg Bird Impact Angle 
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BIRD IMPACT ANGLE (DEG) 



Figure ll. Effect of Bird Impact Angle on Penetration Velocity for 0.50-In, As-Extruded 
Polycarbonate at 75 Deg F 
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NOTES: 

1. PANEL TEMPERATURE 70 DEG F TO 93 DEG F. 

2. ALL MATERIAL AS-EXTRUDED CONDITION. 

3. L = 40IN. 

4. LAMINATED SPECIMENS ARE THREE-PLY 
BALANCED LAMINATES WITH 0.10-IN. CIP 
URETHANE INTERLAYER. 
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NOTE: THIS FIGURE REVISES 
FIGURE 59 OF AFML-TR-74-234. 



Figure 13. Penetration Velocity versus Panel Size for 0.50-In. Polycarbonate at 45-Deg 
Bird Impact Angle 
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NOTES: 

1. TEST TEMPERATURE 
APPROXIMATELY 75 DEG F. 

2. 0^- AND 050-IN. MATERIAL 
AS-EXTRUDED; 1.0-IN. MATERIAL 
FUSION BONDED. 



.BOLTED AGAINST 
'test FRAME 



'CRUSH ABLE HONEYCOMB 
BETWEEN PANEL AND 
FRAME I 




THICKNESS (INCHES) 



NOTE: THIS FIGURE REVISES 
FIGURE 62 OF AFML-TR-74-234. 



Figure 14. Comparative Penetration Velocities for Polycarbonate Supported on Crushable 
Materials or Bolted Against Test Frame at 45 -Deg Bird Impact Angle 
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NOTES: 

1. ALL MATERIAL AS-EXTRUDED 
EXCEPT 1.0-IN.-THICK. 

2. TEST TEMPERATURE -7S DEG F. 
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NOTE: 

THIS FIGURE REVISES 
FIGURE 60 OF 
AFML-TR-74-234. 



Figure 16. Polycarbonate Penetration Velocity versus Birdl^eight at 45-Deg Bird 
Impact Angle 
















As a further evaluation of the 0.50-in. as-extruded material, some additional 
tests were performed at the 60-deg and 20-deg bird impact angles. These 
tests were planned to check the effect of impact angle curve for the 0.50-in. 
material as shown in Figure 52 of AFML-TR -74-234. The single panel tested 
at the 60-deg angle provided a realistic penetration velocity which compared 
favorably with the revised penetration velocity for the 45-deg angle. The 
results from this test have been included on the revised curve shown in 
Figure 11, 

The re-tests at the 20-deg bird impact angle gave the same results as pre- 
viously reported in AFML-TR -74-234. The t5rpical failime mode at this angle 
was a local tear in the polycarbonate along the rear frame member as the bird 
deflected the panel and attempted to slide up and over the frame (see Figure 17). 

One monolithic flat panel of 0.50-in. as-extruded polycarbonate was also 
tested at the 30 -deg bird impact angle at a reduced panel temperature. The 
purpose of this test was to supplement the data previously presented in Fig- 
ure 27 of AFML-TR -74-234 by providing a data point at the low -temperature 
end of the scale. The results are presented in Figure 18 together with the 
prior results at other test temperatures. 

c. Task 2 - Effect of Edge and Corner Impacts 
(1) Center Edge Impacts 

As shown in Figure 5, these impacts were at the horizontal centerline of 
the test panel but were displaced laterally so that the centerline of the 
bird package was fi^e inches from the inner edge of the support frame. 
Monolithic 0.50-in. and 1.0-in. polycarbonate and two 3-ply laminates 
were tested at the 45-deg bird impact angle. Two monolithic 0.50-in. 




polycarbonate panels were also tested at the 30 -deg impact angle. The 
test results are summarized in Table 11. 

For the 0. 50 -in. -thick panels, the penetration velocities for the center 
edge impacts were essentially the same as those recorded for center 
impacts for equivalent test panels and test conditions. Variations from 
the center hit penetration velocities did not exceed five percent. Failure 
modes were similar to those for the center impacts. Figure 19 presents 
a comparison of the edge impacts with center impacts for the 0. 50 -in, 
monolithic and laminated panels. 

For the 1.0-in, -thick polycarbonate panels, the penetration velocities at 
the 45 -deg impact angle were somewhat lower for the edge impacts than 
they were for the panel center impacts. This reduction was approxi- 
mately 18 percent. This reduction is probably due to less energy being 
absorbed by panel deflection combined with higher shear loads along the 
support frame near the point of impact. High local loads near the impact 
point also caused failure of one of the test panels through the side attach- 
ment holes (Figure 20). This may have contributed to the lower than 
expected penetration velocity. 

Corner Impacts 

Corner impacts were made in both the forward and aft corners of the test 
specimens. Only two panels were tested at the forward corner point 
since it was anticip d that the aft corner location would be the most 
critical. All corner tests were made at the 45-deg bird impact angle 
except for 2 panels tested at the 30-deg angle. Table 12 lists the panel 
configurations along with the test parameters and test results. 

The assumption that the impacts in the forward corner of the test speci- 
men would be less critical than impacts in the rear corner proved to be 
correct. The forward corner impacts produced average penetration 
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Fii^ure 19. Comparison of Effect of Center Ed(je Impacts versus Center Impacts on Penetration 
Velocity at Various I3ird Impact Angles for As-Extruded Monolithic Polycarbonate 
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velocities about 8 percent higher than were achieved for impacts at the 
geometric center of 0.50 -in, monolithic polycarbonate panels. This 
slight Increase may be because as the bird impacts and spreads out, a 
portion of the impact loads is transferred directly to the support frame. 
Also, some bird mass is soon deflected off the nearer edge of the panel 
and the panel is no longer required to apply work to that portion of the 
bird mass. The impacts in the rear corner of the monolithic panel were 
16 percent lower than the center impacts at the 45 -deg bird impact angle. 
Severe panel deflections and pocketing of the bird in the rear corner 
accounts for the lower penetration velocities for this condition. At the 
30-deg bird impact angle, the penetration velocity for the rear corner 
impact is about 22 percent less than that for an Impact in the panel center. 
Again, this is due to the severe pocketing with the failure mode consisting 
of local failure of the panel along the inside edge of the support frame (see 
Figure 21). Figure 22 presents a plot of the test results along with the 
curve for the center impacts on the 0,50-ln. monolithic material. Fig- 
ure 23 summarizes the effects of impact location for the 0. 50-ln, mono- 
lithic polycarbonate material. 

Two 1,0-in, -thick panels were also tested using aft corner Impacts, 

Both were tested at the 45-deg bird impact angle. As was the case for 
the edge impacts, the 1.0-ln. panels are also less forgiving for corner 
impacts. The performance of these two tests when compared with simi- 
lar center impact tests shows approximately a 40 -percent reduction in 
the penetration velocity for the corner Impacts. This was the highest 
comparative reduction for all of the tests in this series. The typical 
failure mode for both these tests was local punch-through at the point of 
impact (see Figure 24), 
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Effect of Impact Location on Penetration Velocity for 0.50-In. Monolithic 
As -Extruded Polycarbonate 
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d. Task 3 - Effects of Fastener Diameter and Spacing 

This series of tests was performed to determine the effects of varying the 
attaching bolt diameter and spacli^ as compared to the "standard** 0.50 -in. 
bolt diameter and 2. 00 -in. spacing previously utilized. Bolt diameters, hole 
diameters, and spacing tested were: 

0.25-in. -diameter bolt, 0.312-in. -diameter hole, 1.0-in. spacing 
0.312-ln. -diameter bolt, 0.375 -in. -diameter hole, 1.5-ln. spacing. 

The resulting data was compared to previous data for the **standard** bolt 
size and pattern noted above. 

A major problem encountered in this test series was the shearing of the bolts 
at impact. Initially, commercial bolts were used. After substitution of high- 
strength bolts, this problem was reduced, although considerable replacement 
of bent or sheared bolts was usually required between tests. At the 20- and 
30-deg test angles for the 0.50-in. panels, the 0. 375-in. -thick steel clamp- 
ing bar was not used along the lower panel edge. Washers were used under 
the bolt heads to clamp the panel to the fixture. Elimination of this bar 
reduced the shear and tension loads on the fasteners as the bird slid off the 
rear edge of the panel. 

For the 0. 25-ln. -diameter bolts at 1.0 -in. spacing, 8 panels were tested, 6 
with 0.50-in. as-extruded polycarbonate and 2 with 1.0-in. fusion-bonded 
polycarbonate. The 0. 50 -in. -thick panels were tested at room temperature 
(ambient) at 20-deg, 30-deg, and 45-deg impact angles. The 1.0-in. -thick 
panels were tested at room temperature (ambient) at a 45-deg impact angle. 
The test results for the panels with the 0.25-in. fasteners are listed in 
Table 13„ 

With the 0.312-in. -diameter bolts, four 0.50-ln. as-extruded polycarbonate 
panels were tested, 2 at 45-deg and 2 at 30-deg impact angles, and all at 
room temperature. These test results are summarized in Table 14. 
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Figure 25 presents the test results for the 0.50-in. panels tested diiring this 
series plus the results from the prior tests using the 0.50 -in, bolts at 
2.00-in. spacing. This figure shows the curves representing the penetration 
velocities for the panels with the 0.312-in. and the 0.25-in. fasteners. It is 
apparent from these limited tests that changing the edge attachment bolt size 
and spacing does influence the penetration velocity. However, the influence 
also is seen to vary as a function of the impact angle. The 0.25-in. fasteners 
increase the penetration resistance of the 0.50-in. panels by approximately 
20 percent, 3 percent, and 8 percent at bird impact angles of 20, 30, and 45 
deg, respectively, when compared against the prior tests with 0.50-in. bolts. 

For the 0.312-in. fasteners, the changes in the penetration velocity are not 
as consistent. At the 30-deg impact angle, the penetration velocity is 
increased by about 10 percent; but at the 45-deg impact angle, it is approxi- 
mately 6 percent less when compared with the test panels with the 0,50-in. 
fasteners. Figure 26 shows panel 4.3. 10 after test. 

A possible explanation for the effect of the fastener size on penetration veloc- 
ity can be seen by referring to Figure 27, This diagram represents a cross 
section through the lower edge of the test panel and its support frame. When 
the panel is attached with the large 0.50-in. -diameter fasteners, very slight, 
if any, rotation of the clamped edge of the panel is permitted by the clamping 
action of the bolts. In addition, the higher bending stiffness of the 0.50-in. 
bolts limits their bending deflection so that pocketing of the panel causes high 
tensile, shear, and bending loads in the panel along the lower edge of the 
frame. With the smaller diameter fasteners such as the 0.25-in. bolts, 
more edge rotation is possible, as shown in Figure 27. Typically, the high 
loads caused some shear failures in the threads of the fastener, permitting 
the panel edge to lift up. Also, the lowered bending stiffness of the fasteners 
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Figure 26. Failure Mode 0.312-In. -Diameter Fasteners at 1.5-In. Spacing, 
0. 50-In. As-Extruded Polycarbonate at 45-Deg Impact Angle 
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Figure 27. Action of Lower Edge of Test Panel During Bird Impact Loading 
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permitted more bolt deflection, and the smaller -diameter fasteners at closer 
spacings provided more uniform edge load distribution. The overall effect is 
to lower the local concentrated loads in the panel along the edge of the frame. 

For the two 1.0-in. -thick monolithic panels tested with the 0.25-in. fasten- 
ers, the penetration velocity was about 5 percent lower than for the equiva- 
lent panels with the 0.50-in. fasteners. An indication of the influence of the 
edge attachments can be gained from the results of the tests on panel No. 

4.3.7 (Table 13). Plain commercial bolts were used for the first test at 
375 knots. All the bolts in the lower edge of the frame were sheared off from 
this impact, but the panel was not damaged. The fixture was repaired, and 
high-strength (120,000 psi tensile) bolts were used to retain the panel on the 
frame. The test was repeated, and this time the higher strength fasteners 
were not sheared; the panel was penetrated and a large hole broken out of 
the panel center at only 360 knots. Thus, the advantage of permitting some 
edge flexibility as opposed to complete rigidity is demonstrated at least for 
this set of test parameters. 

e. Task 4 - Supplier Processing Effects 

The fusion-bonded and press-polished monolithic polycarbonate was obtained 
from three separate suppliers as follows: 



Supplier 


Thickness 

(in.) 


Processing 


■“'umber 

of 

Panels 


A 


0.50 


Fusion l)onded 


4 


A 


0.25 


Press poJishetl 


2 


B 


0.50 


Fusion bondeti 


2 


C 


0.50 


Fusion l)ondeil 


2 


C 


0.25 


Press j)olishc-d 


2 




The panels were cut to size and drilled using the same tools and processes 
used to complete the previously tested 30-in. x 40-in. panels. 





All panels were tested at the 45-deg bird impact angle except two of the four 
0.50-in. panels from supplier A which were tested at the 30-deg impact 
angle. Ail tests were made in the 60 to 80 F temperature range. All test 
results are tabulated in Table 15. 

Figure 28 shows the individual panel test results for the 0.50-in. panels 
together with the curve previously developed from the tests at the 45-deg bird 
impact angle. The test results for the material furnished by suppliers A and 
C yielded results essentially the same as during the initial tc t series. The 
two panels made from the material supplied by supplier B, however, liad 
penetration velocities approximately 20 to 35 percent higher than these 
results. The reason for the increased performance of these two panels can- 
not be clearly established at this time because SL2000-111N material was 
supplied by supplier B instead of 9030-112 material. The SL-2000 type 
material is aircraft-quality polycarbonate which differs from the 9030 type 
material only in that it lias slightly better optical qualities, including fewer 
foreign particles, less pitting and haze, and slightly better light transmis- 
sion. Structural properties of the two types are essentially identical as con- 
firmed by static tests of both types of material using the excess pieces of 
each material. 

From the results of these tests, it is evident that one of two causes could be 
i^sponsible for the wide variations in performance. Either the differences 
between the two types of material influence the bird impact properties, or 
the processing used Ijy supplier B to effect the fusion bonding provides less 
structural degradation to the material. 
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Fi(?urc 28. Comparative Test Results for Optically Treated 0.50-In. Monolithic Polycarbonate 
Processed by Several Suppliers and Tested at 45-De{t Bird Impact An^tle 
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Figure 29 shows the individual panel test results for the 0.50-in. monolithic 
optically treated polycarbonate plotted against bird Impact angle. Also shown 
for comparison are curves previously developed for 0.50-in. as-extruded and 
optically treated polycarbonate. It shows tests at the 30 -deg bird impact 
angle are also in close agreement with the previously developed curve. The 
improved performance of the supplier B SL-2000 material is readily apparent 
in this figure. The penetration velocity for one of these test panels is seen to 
be about eight percent higher than for a similar test panel of as-extruded 
9030 material. 

Figure 30 presents the results ol 0. 25-in. monolithic optically treated poly- 
carbonate provided by alternate suppliers A and C. For comparison purposes, 
the curves previously developed are also shown for both the as-extruded and 
optically treated 0. 25-in, material. This figure shows that the penetration 
velocities for these latest test panels fall nearer to the curve for the as- 
extruded material than to the curve for the optically treated material. Also, 
the failures for these specimens were all ductile in nature, similar to most fail- 
ures of the as-extruded material (see Table 15 for failure descriptions). By 
contrast, nearly all the failures for the previous tests of the 0,25-in. opti- 
cally treated specimens were brittle failures. However, in this previous test 
series, no 0,25-in. optically treated panels were actually tested at the 45-deg 
bird impact angle. Tests were made at the 20- 30-, GO-, and 90-deg angles 
and the results at the 45-deg angle were interjxilated from these. As can be 
seen from Figure 30, if this same interpolation technique had been followed 
for the as -extruded matei *al, the higher penetration velocities actually 
achieved at the 45-deg bird impact angle would liave been missed. From 
this it was concluded that this interjxilation was in error and tliat the proper 
shape <^f the penetration velocity/impact angle curve for tlie optically treated 
mater ic.1 was a humpbacked curve similar to tliat for the as -extruded 
material. 
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Figure 30. Effect of Bird Impact Angle on Penetration Velocity for Optically Treated 0.25 -In. Polycarbonate 
Processed by Several Suppliers 






In an attempt to verify this conclusion, another optically treated specimen 
(panel no. 4.4. 13) was fabricated and tested at the 45-deg impact angle. 
Unfortunately, this test result, as shown in Figure 30, raises additional 
questions. The panel failure was again a brittle failure instead of a ductile 
failure, and the panel failed at a lower velocity than other panels tested at 
the 45-deg angle. This brittle failure combined with the earlier brittle fail- 
ures for most of the 0.25-in. panels would seem to point to an improper 
press-polishing cycle for the 0.25-in. material, leading to excessive degra- 
dation of the material elongation characteristics. Without additional speci- 
men testing, the exact penetration velocity for the 0.25-in. optically treated 
material must remain in doubt. In all probability, the true curve lies 
between the optically treated and as-extruded curves shown in Figure 30 

. Task 5 - Single-Piece Cone-Type Windshields 

To determine the comparative performance of cone-type windshields in both 
stretched acrylic and polycarbonate materials, this minimum test series 
was performed. The windshields were cut out to a flat pattern template, 
formed on the forming tool, trimmed, and drilled as shown in Figure 3. Two 
windshields of each configuration were impacted at the center, while the third 
windshield of each was impacted toward one side of the centerline. The 
effective bird impact angle was 24 degi’ees. Refer to Figure 2 for the typical 
windshield test installation. All tests were performed in the 68 to 81 F tem- 
perature range. Test results are tabulated in Table IG. 

Figure 31 has been prepared to plot previously published test data to provide 
a bas'* for comparison of the two configurations tested during this task. 

It can be seen from Figure 31 that the test results from this current test 
series fell somewhat below the results from the previously rojrarted data. 
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This is attributed to the simplified method of attachment used for the current 
series, because in all cases, failure originated at the attachment holes (see 
Figure 32). The previously reported tests, however, used actual aircraft 
support structure and edge reinforcements along the edges of the acrylic. 

One test specimen in this series (4.5.1) was tested without using a support 
ring at the aft arch of the windshield. As the bird slid off the rear edge of 
the windshield, the unsupported edge deflected and broke off. 1 he addition 
of a support ring for later tests prevented this type of failure on the acrylic 
windshields. 

For the as-extruded polycarbonate wine shields, the advantage of a support 
ring around the aft hoop of the windshield is less clear. Without the support 
ring, the windshield (4.5.4) withstood 304 knots without damage and failed 
with a brittle failure at 361 knots. With the support ring added, the second 
windshield failed completely at 328 knots (see Figure 33), Films of this test 
indicated a substantial pocket forming at the aft support with the failure origi- 
nating in that area. For all the polycarbonate windshields, the attachment 
holes and adjacent areas remained intact with no failures originating at the 
holes. As for the stretched acrylic windshields, however, it is probable tliat 
a continuous edge support of the type normally used in an aircraft installation 
would probably have yielded higher penetration velocities. Also for the poly- 
carb'-.natp windshields, use of a semirigid support ring which permits some 
local del lection at the aft arch would probably increase the penetration veloc- 
ity, Even so, the penetration velocity for the 0. 50-in. ijolycarbonatc wind- 
shield without the aft support ring was approximately 25 percent higher tlian 
lor an equivalent thickness stretched acrylic windshield with the sup|x)ru 
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The impacts on the side of the windshields caused a substantial reduction in 
the penetration velocity compared to the symmetrical centerline impacts for 
both the stretched acrylic and polycarbonate configurations. The reductions 
from the centerline impact penetration velocities for the acrylic and polycar- 
bonate windshields were approximately 18 and 35 percent, respectively. The 
reduction for the stretched acrylic windshield is lower, probably because the 
simplified holding fixture, as previously discussed, caused an artificially low 
centerline penetration velocity. 



Task 6 - Effects of Interlayer Type and Interlayer Thickness 
(1) General 



This test series was performed to determine the effects on penetration 
velocity of various types of interlayers and several thicknesses of each 
type. The following interlayers and thicknesses were t. i,ted: 



Ethylene terpolymer (ETP) 
GAC Code F5X (urethane CIP) 
GAC Code F4X (silicone CIP) 



0.06 in. , 0. 10 in, 

0,06 in, , 0, 15 in. , 0. 25 in, 

0.06 in, , 0. 10 in, , 0. 15 in. 

Two panels of each interlayer thickness were tested. Face plies for all 
panels were 0, 25-in. as-&\truded polycarbonate. All testing was per- 
formed at 45-deg impact angle and at room temperature. All the {xinels 
were the standard 30-in. x 40-in. flat panels, and all tests were center 
impacts. 



(2) ETP Interlayer 



The typical failure modes for these panels consisted of cracking of one 
of the two structural plies at a velocity just below the penetration veloc- 
ity with penetration of the weakened |>anel on the subsequent shot. 
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Cracking would occur in either the front or back ply with no apparent 
trend to explain the cracking in one or the other. More cracking nor- 
mally occurred at penetration, but the panels did not shatter. Table 17 
summarizes the test results. Figure 34 shows these results plus prior 
results from AFML-TR-74-234 for the 0.025-in. interlayer thickness. 
The penetration velocity is seen to increase approximately linearly with 
increases in the interlayer thickness. 

(3) Urethane Interlayer 

The urethane interlayer used for these laminates was a cast-in-place 
(CIP) sj'stem. For the thinnest interlayer, cracking of the plies seemed 
to be more prevalent as the failure mode. As the interlayer thickness 
increased, the tendency seemed to be to form a deep pocket at the impact 
point with penetration occurring through a vertical tear at the center of 
the panel. The pocket depth could be three inches or more before 
penetration (see Figure 35). 

Table 18 tabulates the test results which are plotted in Figure 36. The 
data point for the O.lO-in. interlayer thickness was obtained from 
AFML-TR-74-234. Here again, increasing the interlayer tliickness 
increased the penetration velocity. The slope of the carve tends to 
become steeper as the interlayer thickness increases. 

Silicone Interlayer 

Five of the six test panels were fabricated using the standard Code F4X-1 
interlayer formulation. The sixth panel (4.6.13) used a modified formu- 
lation designated F4X-2B. This second formulation had a lower tensile 
modulus and a higher elongation. 






NOTES: 1. ALL TESTS AT APPROXIMATELY 
ROOM TEMPERATURE. 

2. ALL TEST PANELS WERE 3-PLY LAMINATES 
WITH TWO 025-IN. AS-EXTRUDED POLY- 
CARBONATE FACE PLIES. 



Figure 34. Effect of Ethylene Terpolymer Interlayer Thickness on Penetration Velocity 
at 45 -Deg Bird Impact Angle 
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(B) IMPACT SURFACE VIEW 

Figure 35, Failure Mode, 3-Ply Laminate - 0.15-In. CIP Urethane Interlayer 
and Two 0. 25-In. As-Exvruded Polycarbonate Face Piles 
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at 45 -Deg Bird Impact Angle 
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PENETRATION VELOCITY (KNOTS) 



NOTES; 1. ALL TESTS AT AfVROXIMATELY 
ROOM TEfiff>ERATURE. 

2. ALL TEST PANELS WERE 34>LY LAMINATES 
WITH TWO O^N. AS^XTRUISO POLY- 
CARBONATE PACE PLIES. 
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Figure 36. Effect of CIP Urethane Interlayer Thickness on Penetration Velocity at 
45-Deg Bird Impact Angle 
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The test results are tabulated in Table 19 and plotted in Figure 37. 

Again, increasing the interlayer thickness causes an increase in the 
penetration velocity, but the rate of increase is less than for the FTP or 
urethane interlayers. The substantial improvement offered by the modi- 
fied interlayer can be readily noted. 

Failure modes for these test panels were similar to those for the other 
laminated panels except that the reduced adhesion characteristics of the 
silicone interlayers were evident in some of the test results. For the 
thinner interlayers some back face spall was experienced which was not 
encountered for other interlayers. One test specirr.en also exhibited 
some interlayer delamination after testing. 

(5) Summary 

Figure 38 compares the relative performance of the three interlayer 
t}T>es. The ETP sheet interlayer shows lower penetration velocities for 
0.025-in. thickness with a sharp increase up to 0, 10-in. thickness. The 
urethane interlayer at 0.06-in. thickness shows essentially the same 
penetration velocity as ETTP with a sharp increase to 0.25-in, thickness. 
The penetration velocity of the silicone series at 0.06 in. thickness is 
somewhat higher than both the ETP and urethane interlayers but exhibits 
a more gradual slope as thickness increases. The tailing off of the sili- 
cone interlayer is probably due to the lower tear strength of this inter- 
layer. The increased toughness of both the ETP and urethane inter- 
layers makes them more effective as their thicknesses increase. 
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Figure 37. Effect of Silicone Interlayer Thickness on Penetration Velocity at ; 

' 45-Deg Bird Impact Angle i 
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h. Task 7 - Effects of Large Flat and Curved Panels 

(1) General 

This series of tests was performed to determine the effects on penetra- 
tion velocity of panels of a larger size than the standard 30 -in. :< 

40-in. - both flat and curved configurations. All panels were 1.0-in. 
fusion-bonded material made up of two 0.50 -in. plies of polycarbonate 
and were 45 in. x 60 in. in size. Two panels were flat, and three panels 
were formed to a 40 -in. radius with the centerline parallel to the long 
dimension. Fastener bolts were 0.50-in. diameter at 2.0-in. spacing. 

' li panels were tested at 30 -deg impact angle at the center of the panel 
and at room temperature. All test results are tabulated in Table 20. 

(2) lArge Flat Panels 

Two panels were tested with panel temperatures ranging from 75 F to 
82 F. The results were plotted on the curve previously prepared from 
standard 30-in. x 40-in. panel tests reported in AFML-TR-74-234 (see 
Figure 39). As noted in the test summary (Table 20), some breakup of 
the bird packages occurred before impact on the very high-velocity shots. 
The main portion of the bird was Intact, but in some cases, the outer 
carton was stripped off by aerodynamic forces. It was estimated that in 
some cases the weight of the Impacting package was parhaps 10 percent 
or 15 percent below the required 4-pound weight. For this reason, the 
estimated penetration threshold velocity was reduced from the highest 
velocities recorded to reflect the effects of the lighter package 

The estimated penetration threshold velocity for the flat 45- in. x 60-in. 
panel is shown in Figure 39. The penetration velocity for the large 
panels is ipproximately 30 percent higher than the penetration velocity 
for the smaller 30-in. x 40-in. panels at equivalent test conditions. 
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(3) Large Curved Panels 



The test results for the 45-in. x 60-in. curved panels are also shown in 
Figure 39. Based on prior tests (see Figure 12), it was estimated that 
the performance of the curved panels would be less than that of the 
equivalent flat panels. For the 30-in. x 40-in. panels, the 40-in. radius 
panel had a penetration velocitj’ about 15 percent lower than the equiva- 
lent flat panel at 45-deg bird impact angle. Tests of the large panels at 
even higher reductions of their flat panel penetration velocities still 
proved to be optimistic with failures occurring on the first hit. However, 
what seemed to be an excessive amount of bond line delamination of the 
fusion-bonded plies was noted. It was deemed advisable to obtain a third 
test panel from an alternate supplier so that the effect, of this de lamina- 
tion on the penetration velocity could be determined. Except for the 
fuaion-bonding cycle, all processing, including cutting to size, forming 
to 40-in. radius and drilling was identical to tliat performed on the first 
two panels. The performance of tfis panel proved no better than the 
prior two even though no delamination occurred (see Figure 40). ^sed 
on these results, it appears that the penetration threshold for the large 
curved panels is at least 40 percent less than for the equivalent flat 
paviel. 

i. Miscellaneous Results 

In the study of armor sj'stems, one of the means to measure the relative per- 
formance is to compare the unit weights of each system required to defeat a 
specific threat. This same concept can be used to establish the relative bird 
impact performance of the various types of transparency materials and con- 
struction methods. Figure 41 presents sucli a plot based on the tests of the 
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30-in. X flat panels at the 45-<ie!; bird impact angle. The comparative 

efficiency of each material and construction type can be readily determined 
from tins linnre. Monolithic and composite construction tvpes are included. 

1 lic comj^ ,.es include balanced liu’ee-plj laminates and multi -ply (more 
tlian threc-i iyi laminates. 
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SECTION IV 



CONC LUSIONS AND RECOMMENDATIONS 



1, CONCLUSIONS 

The major conclusions which have resulted from this program are as follows: 

1. Polycarbonate edge and corner impacts. The penetration resist- 
ance of 0.50-in. monolithic or 0.50-in. laminated polycarbonate 

flat panels impacted near a £"dc support member (center edge impact) 
is essentially the same as for center imijacts on the same panels. 

Center edge impacts on flat monolithic 1.0-in. polj'carbonate p:,nels 
cause penetration velocities approximately 18 percent lower tlian 
center panel im.pacts at the same test conditions. 

Impacts at the front corner are less critical than panel center 
impacts. For 0.50-in. monolithic pol 3 -carbonate flat panels, the 
penetration velocity for a forward corner impact is approximately 
8 percent higher than for a center impact on an identical panel at 
a 4 5 -deg angle. 

Impacts in the rear corners produce the lowest penetration veloc- 
ities for 0.50-in. monolithic polycarbonate. The degi’adation is 
about 10 percent at the 45-deg impact angle and about 22 percent 
at the 30-deg angle compared to center impact penetration velocities. 

2. Attachment fastener effects. For 0.50-in. polycarbonate flat panels 
with edge attachments spaced at approximately four times the bolt 
diameter, smaller -diameter fasteners tend to increase the pene- 
tration velocity. The increase tends to be larger at lower bird 
impact angles. 
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As the fastener diameter decreases, its material strength must be 
increased to prevent shear failures. 

For thicker panels for which panel deflectioas are lower, the effects 
of changes in the edge attachments are less significant. 

Processing effects. Supplier -to-supplier processing variations 
for improving the optical qualities of polycarbonate do have varj^- 
ing infi.ences on the material bird impact resistance. Differences 
tend to become larger as the material tliickness decreases. 

Some evidence exists that the penetration resistance of commercial- 
grade polycarbonate is somewhat below aircraft-grade polycarbonate. 
Confirmation of this requires additional testing. 

Single-piece cone-shaped windshields. Stretched acrylic configura- 
tions of these windshields showed adverse effects from local load 
concentrations because of a simplified edge attachment configuration. 

For centerline impacts, the penetration velocity of a 0.50-in. poly- 
carbonate configuration is about 25 percent higher than for a 0.50-in. 
stretched acrylic construction. Tailoring the structural character- 
istics of the aft edge support hoop to suit the transparency material 
capabilities appears beneficial for this windshield configuration. 

Use of a rigid support hoop with a thick, stretched acrylic trans- 
parency helps prevent local failures at the edge of the windshield. 
However, a rigid frame used with a thinner flexible transparency 
such as 0.50-in, polycarbor.ate only tends to increase the trapping 
of the bird and lowers the penetration velocity. 

Unsymmetrical loads from noncenterline impacts cause substan- 
tially lower penetration velocities than impacts along the windshield 







centerline. A 35-percenl reduction was experienced for the 0.50-in. 
polycarbonate configuration. 

5. Interlayer thickness effects. The penetration velocity increases 
with increases in the interlayer thickness. The rate of increase 
in the penetration velocity was higher for the ethylene terpolymer 
and urethane interlayers than for the silicone interlayer tested. 

For thin interlayers, the silicone provided the highest penetration 
resistance. For thicknesses above about 0. 15 in. , the urethane 
interlayers are superior. 

6. Effect of panel size. For 1.0-in. monolithic polycarbonate flat 
rectangular panels with similar aspect ratios, increasing the area 
increases the penetration velocity. 

Monolithic polycarbonate panels 1.0 in. thick with 40-in. curva- 
ture radii exhibit lower penetration velocities than equivalent flat 
panels for both panel sizes tested. 

2. RECOMMENDATIONS 

As a result of the investigations completed thus far, expansions of certain of the 
study areas are indicated. In addition, some new study areas became desirable 
to increase the overall depth of the program and provide a wider data base. Rec- 
ommendations in these areas are as follows: 

1. All temperature effects testing thus far has been done by soaking 
the panel at the desired temperature so that the temperature 
throughout the panel was equal. In actual use, however, the wind- 
shield will normally be subjected to a «,emperature gradient caused 
by aerodynamic heating or low ambient temperatures. Testing 
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should be accomplished to determine the effects of varying tempera- 
ture gradients on the bird impact resistance of the various transpar- 
ency materials and types of construction. 

2. Testing has shown varying bird impact resistance for varying sizes 
and spacings of the attachment fasteners. This study should be 
expanded to include the effects of both rigid and elastomeric hole 
inserts. 

3. Limited studies of the single-piece, cone/wedge-section-t 5 T>e wind- 
shield have indicated that the stiffness of the support arch at the 
rear edge could have a substantial influence on the bird impact 
resistance of the transparency. Further studies and tests should 
be conducted with varying support stiffnesses and varying transpar- 
ency materials to evaluate the importance of this parameter, 

4. Differences in material processing have been shown to be important 
to the bird impact resistance of polycarbonate material. A detailed 
study should be developed to determine which parameter or param- 
eters have the most influence on the impact resistance of polycar- 
bonate materials. This study should include effects of temperature 
limits, exposure duration, and heating and cooling rates. Sample 
testing would probably be most effective for isolating the gross 
effects, followed by some bird impact tests to confirm the effects 
for full-size panels. 

In an area related to this, bird impact tests should be made of the 
aircraft -quality polycarbonate so that these results can be com- 
pared with test results for panels made with the commercial-grade 
material. If the results are similar, it would permit continued 
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interchangeability of the two materials for test and e\ aluation 
purposes when optical qualities are not important. 

Tests should be established to measure the dynamic strain history 
of panels during bird impact. Besides determining the panel stress 
distribution, these studies should determine deflections and vibra- 
tional frequencies. These studies could help to determine the most 
effective type of edge attachment design as well as help in formulat- 
ing analytical methods for predicting the bird impact performance 
of transparencies. 



